Transpiration from a hawthorn (Crataegus monogyna L.) dominated hedgerow in southern England was measured continuously over two growing seasons by the sap flow technique. Accompanying measurements of structural parameters, microclimate and leaf stomatal and boundary layer conductances were used to establish the driving factors of hedgerow transpiration. Observed transpiration rates, reaching peak values of around 8 mm day -1 and a seasonal mean of about 3.5 mm day -1 , were higher than those reported for most other temperate deciduous woodlands, except short-rotation coppice and wet woodlands. The high rates were caused by the structural and physiological characteristics of hawthorn leaves, which exhibited much higher stomatal and boundary-layer conductances than those of the second-most abundant woody species in the hedgerow, field maple (Acer campestre L.). Although the response to R G showed no systematic temporal variation, the response to D, described as g c (D) = g cref -mln(D), changed seasonally. The reference g c depended on leaf area index and the ratio of -m/g cref on long-term mean daytime D. A model is proposed based on these observations that predicts canopy conductance for the hawthorn hedge from standard weather data.
Introduction
Hedgerows enclosing cultivated fields are common in rural landscapes across Europe. In Britain alone, the overall length of all hedges in 1998 was 468,000 km (Petit et al. 2003) . As well as providing countless ecological benefits (Pollard et al. 1974 , Burke 1998 , hedges influence the microclimate of adjacent fields in a favorable way (Marshall 1967) by providing shelter for field crops which reduces their water loss and thereby increases their water-use efficiency and yield (Pollard et al. 1974 , Cleugh 1998 , Eitzinger et al. 2005 ). These effects have been studied in detail and the underlying mechanisms are now well understood Hughes 2002, Nuberg and Mylius 2002) .
In contrast, few attempts have been made to quantify water loss from hedgerows in order to estimate their overall impact on the catchment water balance. Differences in magnitude and control of transpiration between sheltered crops and small stands of trees or shrubs are likely because the degree of coupling to the atmosphere differs between these vegetation types McNaughton 1986, Smith and Jarvis 1998) . The only recent study explicitly examining the role of hedge transpiration in catchment hydrology (Viaud et al. 2005 ) is regarded by the authors as preliminary, because it relies on a model that was parameterized with transpiration data collected in an oak forest. This can be misleading because it is well known that transpiration can vary between the edges and inner parts of woodlands as a result of enhanced turbulence around the edge (Taylor et al. 2001) , and a hedgerow has more similarities to a forest edge than to a large woodland. Because of the substantial gap in our knowledge about the role of hedgerows in the hydrological cycle, we carried out a comprehensive case study on a hedgerow in southern England. Field measurements at the leaf, tree and canopy scales were used to answer four questions: (1) Is hedgerow transpiration similar to that from other types of woody vegetation? (2) To what extent do plant physiology, meteorological conditions and advection influence hedgerow transpiration? (3) Does the stomatal response to atmospheric conditions change when the soil dries? (4) How accurately can hedgerow transpiration be predicted from standard weather data?
Materials and methods

Research site
The study was carried out at Roves Farm near Swindon, U.K. (51°36′ N, 1°42′ W). The hedgerow grid in the research area is irregular and common distances between neighboring hedgerows are between 200 and 500 m. The hedgerow studied was planted in 1987, is orientated north-south and grows on a clay soil at an altitude of 100 m a.s.l. There is grassland to the east and a large arable field to the west that is separated from the hedgerow by a grassy track. Each winter the canopy is cut back to 2.0 m high and 2.2 m wide at the bottom and 1.6 m wide at the top. In 2004, the longest shoots grew to almost 4 m high and the hedge reached its maximum width of 3.2 m at 1 m above the ground. The size distribution of all bushes growing in the 63-m long section of hedgerow investigated is given in Table 1 and refers to the stem diameter at 15 cm above the ground. The total number of stems in this section was 338 and 304 of them had a basal diameter of more than 2 cm. This means the number of stems per unit ground area was 1.68 m -2 (or 1.51 m -2 if the smallest stems are neglected). The total basal area was 57.2 cm 2 m -2 (Table 1 ). More than 85% of the stems were hawthorn (Crataegus monogyna L.) and 146 of them had a stem diameter of at least 6 cm and were considered suitable for the insertion of sap flow probes. Seventy-three hawthorn stems had a diameter of more than 8 cm and this diameter was chosen as the threshold to distinguish "small" from "large" stems in further considerations. The second most abundant species was field maple (Acer campestre L.), accounting for 8% of the stems.
Microclimate
An automatic weather station (AWS) (Didcot Instrument Co., Abingdon, U.K.) was installed on the large field 200 m west of the hedgerow. It comprised sensors measuring the incoming solar radiation (Model DRS/1), net radiation (Model DRN/301), wet and dry bulb aspirated temperature (Model DPS/401), wind speed (Model DWR/201G), wind direction (Model DWD/103) and rainfall (Model DRRG/3). The measurement height was 3 m for solar radiation, 0.3 m for rainfall and 2 m for the other parameters. Data were measured at 10-s intervals and recorded as hourly means with a solid-state data logger (Model CR10, Campbell Scientific Ltd., Shepshed, U.K.). Parts of another AWS of the same type were temporarily installed adjacent to the hedgerow during September 2004 when the leaf boundary layer conductance measurements were made (see below). Wind speed, wet and dry bulb aspirated temperature (4 m above ground) and net radiation both above (4 m) and below (0.05 m) the hedgerow canopy were recorded with the auxiliary AWS. The difference between the above-and below-canopy net radiation represented the available energy, which did not differ from the net radiation above grass measured by the main AWS (data not shown). The soil water content of two profiles close to the hedgerow (1.5 m from its center) was measured weekly or bi-weekly during the summer and occasionally during the winter with a neutron probe (Model IH2, Didcot Instrument Co., Abingdon, U.K.). Readings were taken every 0.1 m from the soil surface down to 1.2 m and then every 0.3 m down to 3 m.
Leaf area index
Leaf area index (LAI) was estimated from leaf litter collections, starting in September in both years. Nets were erected on both sides of the hedgerow over a length of 8 m, reaching up to a height of 4.5 m, to prevent the leaves from being blown away. Twelve baskets (0.44 × 0.32 m) were placed underneath the canopy in two transects, both covering the entire width of the hedgerow. Collected leaves were dried in the laboratory. A subsample (about 12%) was taken from each basket and all leaves of the subsample were rewetted for several hours until they reached their original dimensions, when their areas were determined with a leaf area meter (LI-3100, Li-Cor, Lincoln, NE). From these data, the total leaf area per basket was calculated and scaled to unit ground area. Additional measurements of LAI were carried out monthly with an optical sensor (LAI-2000, Li-Cor) at 30 positions inside the hedgerow. The LAI-2000 measurements agreed with the leaf litter data within 20% and were used to account for the annual course in LAI.
Another set of leaf litter subsamples consisted of 20 hawthorn and 20 field maple leaves from each of the 12 baskets. Each leaf was weighed and leaf area measured with the LI-3100 meter to describe the distribution of total leaf area among the different classes of leaf size and leaf mass per area (LMA; g m -2 ).
Leaf-scale measurements
Boundary-layer conductance (g a ) was determined from the loss in mass of wetted leaf replicas made of blotting paper, following the procedure of Roberts et al. (1990) and using the formula:
322 HERBST, ROBERTS, ROSIER AND GOWING TREE PHYSIOLOGY VOLUME 27, 2007 where E is water loss, χ l is specific humidity of air saturated at leaf temperature and χ is specific humidity of the ambient air. The replicas were cut around actual hawthorn and field maple leaves of various sizes and supported on a fine wire and thread platform that emulated the outlines of actual leaves. Two identical replicas were placed in situ in the hedgerow (between 1 and 2 m above the ground) and saturated with water. One of the replicas was weighed at 2-minute intervals and the temperature of the other one was monitored with a thermocouple. Absolute humidity in the vicinity of the replica was calculated from wet and dry bulb temperature measured in a ventilated psychrometer. The sizes of the replicas used were comparable to those of real leaves (Table 2 ) and were 3-7 cm 2 (small) and 19-21 cm 2 (large) for hawthorn and 14-16 cm 2 and 58-62 cm 2 for field maple. At least three replicas per group were used.
A diffusion porometer (AP4, Delta-T Devices Ltd., Burwell, Cambridgeshire, U.K.) measured the prevailing stomatal conductance (g s ) instantaneously on the lower surfaces of randomly selected leaves. Half-hourly means were calculated from measurements of 20 leaves of both hawthorn and field maple distributed over both sides of the hedgerow. Measurements were made on 37 days. The porometer was calibrated according to the manufacturer's guidelines at least once a day and data were accepted only when the temperature difference between the cup and the leaf surface did not exceed 1.5 °C.
Sap flow measurements
Hedgerow canopy transpiration was determined from sap flow measurements made with Granier-type Thermal Dissipation Probe (TDP) sets (Dynamax Inc., Houston, TX). Temperature differences in a TDP set are empirically related to sap flux density which, when integrated over cross-sectional sapwood area, gives the flux rate (Granier 1985) . Each TDP set comprised two metal probes (diameter 1.2 mm, length 30 mm) containing fine thermocouples with the upper probe also containing a heater element. In the field experiment, the upper probe was always installed 40 mm above the lower probe, at an average height of 0.15 m above soil level. Thermal insulation was achieved by installation of foam quarter eggs on either side of the probes and by wrapping reflective bubble wrap around the tree, the foam blocks and the sensors. Because net radiation inside the hedgerow close to the stem bases was only 2% of the above-canopy R N , there was no need to take further precautions against long-wave radiation from the soil. The lowest branches were at least 0.05 m but more often between 0.1 and 0.2 m above the upper probe.
Output from the probes was recorded as hourly means from measurements made at 10-s intervals and stored on a data logger (Model 21X with AM416 multiplexer, Campbell Scientific). Measurements were made from Day 171 to 279 in 2003 and from Day 121 to 285 in 2004. Sixteen trees were equipped with one TDP set each and the probes were moved to a new series of 16 trees about once a month. There was no observable trend in the magnitude or variability of the probe signals between the different series. In this way, 48 trees were sampled in 2003 and 80 trees in 2004. Each set of trees consisted of 5-7 hawthorn stems larger than 8 cm in diameter, 5-7 hawthorn stems smaller than 8 cm but larger than 6 cm, and 3-4 field maple stems larger than 6 cm in diameter. Hedgerow transpiration (E) was assumed to equal sap flux scaled to hydrological units of mm h -1 and mm day -1 by averaging the flux density in each of the three groups of trees and multiplying by the total cross-sectional sapwood area of the respective group per unit ground area covered by the hedgerow.
A standard calibration is widely used for the TDP method (Granier 1985) that relates sap flux density (F d , mm s -1 ) to the difference in temperature between a pair of probes (∆T, °C):
where K is a parameter calculated as:
and ∆T m is the value of ∆T when there is no sap flux. This calibration was derived from experiments on two coniferous and one broadleaf species where the probes where completely in contact with homogeneously conducting sapwood and does not necessarily hold for other situations. Clearwater et al. (1999) Lu et al. (2004) demonstrated that the situation can be more complex for diffuse-porous tree species with deep sapwood and a strong radial variation in relative sap flow rate. Both species investigated in this study are diffuse-porous and hawthorn stems often have a highly irregular perimeter and asymmetric wood anatomy. Knowing this we decided to recalibrate the TDP method for both hawthorn and field maple in the laboratory.
Freshly cut 40-90-cm-long trunk sections between 6 and 23 cm in diameter from five hawthorn and three field maple trees from a nearby site were sealed between Plexiglas (Perspex) plates by placing a rubber gasket around the outer edge of either end of each log and clamping the plates together with bolts. Water was supplied from a tap through an inlet pipe at one end of the log. Flow rates were varied by adjustment of the tap. Actual flow rates were measured by collecting water from an outlet at the opposite end of the log. Flow rates were calculated from the volume of water collected in graduated cylinders over timed intervals (Roberts et al. 2001 ). Depending on the size of the logs, between two and six probes were inserted per log, to account for azimuthal variations in the flux. The total number of probes used was 16 in the five hawthorn logs and 10 in the three field maple logs.
Toluidene blue (1% solution) was passed through the logs to stain the conducting wood. The cross-sectional area of the conducting wood was measured after cutting the log with a saw and was related to the diameter of the log. After measuring the diameter of all trees in the investigated part of the hedgerow, these relationships were used to calculate the total cross-sectional sapwood area for hawthorn and field maple per unit ground area.
Canopy conductance
Canopy conductance (g c ; m s -1 ) of the hedgerow was inferred from canopy transpiration based on an inverse form of the Penman-Monteith equation (Monteith 1965 , Granier et al. 1996 :
where λ (J g -1 ) is latent heat of vaporization of water, E is transpiration rate (converted from mm h -1 to g m -2 s -1 by dividing by 3.6), γ (Pa°C -1 ) is the psychrometric constant, g A (m s -1 ) is bulk aerodynamic conductance between the leaf surfaces and a reference point outside the hedge, s (Pa°C -1 ) is the slope of the curve relating saturated vapor pressure to temperature, A (W m -2 ) is available energy, ρ (g m -3 ) is density of dry air, c p (J g -1°C -1 ) is specific heat of air and D (Pa) is saturation deficit of the air at a reference point outside the hedge.
Bulk aerodynamic conductance was calculated from wind speed and LAI based on the regression lines given in Figure 2 , which were weighted according to the fractions of leaf area represented by the four groups of leaf types shown. Hawthorn leaves were classified as "big" when they were larger than 10 cm 2 and field maple leaves when they were larger than 30 cm 2 (see Table 2 ).
Decoupling coefficient
Canopy conductance and bulk aerodynamic conductance were used to quantify the decoupling between the hedgerow canopy and the atmosphere in terms of the Omega factor calculated with hourly data and averaged over the daylight period (Jarvis and McNaughton 1986) :
Relating canopy conductance to environmental factors
Data were divided into subsets representing time periods of 3-5 weeks, sufficient to include a range of meteorological conditions. For each subset, all hourly g c data were plotted against D and an upper envelope of the response was calculated for all data with R G > 400 W m -2 by the objective method proposed by Schäfer et al. (2000) . Data obtained for conditions with D < 0.5 kPa were excluded in this procedure because the uncertainty in g c derived from sap flow data increases exponentially as D decreases (Ewers and Oren 2000) . The response function fitted to the upper envelopes was:
where g cref is the canopy conductance at D = 1 kPa and m is the sensitivity of the response of g c to D (Oren et al. 1999) . If stomatal regulation is sufficient to maintain the leaf water potential above a certain threshold, the ratio of -m/g cref must be constant for a given range of D and a given ratio of g A /g c and can be predicted with Equation 7 (Oren et al. 1999 
where the surface conductance, g surf , represents g A and g c in series (g surface = (g A -1 + g c -1 ) -1 ), k/A L is the hydraulic conductance of the soil-to-leaf pathway and ∆Ψ S-L is the difference between soil and leaf water potential, which is assumed to be kept constant by stomatal regulation. Selecting different values for k/A L generates different g cref values, and the corresponding values for -m are calculated as -∆g c /∆lnD for a given range of D (Oren et al. 1999) . Following this procedure, we used the actual g A and D ranges from our field study, chose values for k/A L and ∆Ψ S-L that resulted in realistic g c values, calculated the theoretical -m/g cref ratios for the monthly sub-datasets and, finally, compared them with the observed ratios. This enabled us to judge if the stomatal response to D was sensitive enough to avoid cavitation as soil water content declined.
To account for the influence of irradiance on canopy conductance, the average g c (D) was calculated from Equation 6 for two D classes (0.7 -1.0 kPa and 1.0 to 1.3 kPa) and the g c of datasets belonging to these classes were plotted against in-coming solar radiation (R G ). The response of g c to R G was described as:
where g c (D) was the calculated mean for the respective D class. The minimum conductance in the dark, g cmin , and an empirical parameter defining the slope, a, were fitted automatically to the data (Sigma Plot, SPSS Inc., Chicago, IL). Finally, we tested if the seasonal variability in the parameters fitted to the functions could be explained by other factors such as Day of Year (DOY), LAI or relative soil water content.
Quantifying advection
For well-watered vegetation in equilibrium with overlying air, evaporation theoretically depends on A and s which, in turn, depend on temperature:
Priestley and Taylor (1972) however found that measured evaporation from vegetation in such conditions on average exceeded E eq by a factor of 1.26. This rate is henceforth referred to as potential evaporation, E PT :
If dry air is transported to a stand of vegetation, actual evaporation can be enhanced advectively, and the proportion of E driven by advection, Y, can be calculated as:
according to Smith et al. (1997) . Potential evaporation and advection were calculated for the research site from AWS data using these formulae.
Results
Microclimate and canopy structure
Weather patterns at Roves Farm differed between the two years of the study. The hedgerow grew more vigorously in the wetter second year of the study than in the drier first year, resulting in a higher LAI (4.83 in 2004 LAI (4.83 in versus 3.53 in 2003 . Hawthorn leaves accounted for 84.5 % of the total leaf area. The percentage of total leaf area per species attributed to different classes of leaf size and LMA is given in Table 2 . Almost half of the leaf area of hawthorn comprised leaves smaller than 10 cm 2 , and 67.5% was formed by leaves between 5 and 15 cm 2 (data not shown). Half of the leaf area of field maple consisted of leaves that were larger than the biggest hawthorn leaves. Although more than two thirds of the leaf area of hawthorn had an LMA above 60 g m -2 which corresponds to typical values of sunlit leaves (e.g., Niinemets et al. 1998 ), more than two thirds of the leaf area in field maple had an LMA below this value, which classifies them as shade leaves. This LMA also accords with the observation that field maple trees maintained more leaves in the inner parts of the hedge than did hawthorn trees.
Leaf-scale processes
The aerodynamic conductance of hawthorn and field maple leaves, as determined by the replica technique, depended on both leaf shape and leaf size (Figure 2 ). For each group, there was a linear dependency of g a on horizontal wind speed measured close to the replica's actual position. The generally smaller and more irregularly shaped hawthorn replicas showed a steeper response of g a to wind speed than the field maple replicas (P < 0.0001 for separate slopes ANCOVA). Within each species, smaller replicas had steeper slopes than bigger replicas, and this trend was significant (P < 0.0001) for hawthorn, but not for field maple (P = 0.24). Figure 3 shows mean diurnal courses of stomatal conductance of peripheral leaves of the hedgerow, based on measurements made on 37 days over the two growing seasons. Hawthorn leaves always had higher g s than field maple leaves. 
Sap flow measurements in hedgerows
The re-calibration of the TDP sensors revealed differences between the two species investigated ( Figure 4A ). The response of the probes to water flow through field maple logs was almost indistinguishable from the standard curve proposed by Granier (1985) . The data from the TDPs inserted into hawthorn logs, however, were much more scattered and the mean slope was steeper than that observed in field maple, although some of the data were nevertheless close to the standard curve. This pattern corresponds to the observation that the irregularly shaped hawthorn stems also showed irregular cross-sectional distribution patterns of strongly and poorly conducting sapwood and heartwood. According to the staining patterns at the height where the probes were inserted, the fraction of a probe in contact with sapwood ranged from 49 to 92% on a single sensor basis, with an average (± SD) of 81 (± 16) % (n = 16).
Correcting the standard response function for this average fraction (Clearwater et al. 1999 ) resulted in a curve practically identical with the line of best fit according to least squares analysis ( Figure 4A ), at least over the range of K values that corresponded to the field data where K never exceeded 0.8. However, there was no correlation between sapwood depth (and, thus, "probe-fraction-in-contact") and stem diameter (r 2 = 0.09, P = 0.26). In practice this means that TDP sensors inserted into small hawthorn stems will on occasion be entirely in contact with homogeneously conducting wood but on other occasions will encounter a large variation in flux rates along the length of the TDPs. Because this pattern is unpredictable, an uncertainty margin of ± 20 % ( Figure 4A ) must be taken into account for field measurements of sap flux in hawthorn on a single stem basis. The average relationship of cross-sectional sapwood area to stem diameter nevertheless agreed with the empirical function suggested by Vincke et al. (2005) in both species ( Figure 4B ). Total sapwood area per unit ground area, as estimated from the diameters of all stems growing in the 63-m-long section of hedgerow under investigation and the formulae given in Figure 
Magnitude of sap flux density
To illustrate the typical magnitude and variability of sap flux densities in the investigated hedgerow, Figure 5 shows the mean sap flux density in three groups of trees over the course of a few days in the summer of 2004. The sap flux density in field maple stems was often only half as high as in hawthorn stems, with peak values not varying much between different days, which corresponds well to the behavior of g a and g s (see above). If hawthorn stems of different sizes are compared, then the sap flux density often remained similar on days with low transpiration (e.g., DOY 164 and 169); however, in large stems, sap flux density increased much more strongly on days with high transpiration (e.g., DOY 166 and 168). This corresponds to the observation that large bushes often had a higher fraction of exposed leaves than small bushes, because generally the living branches of large bushes extended to both sides and the top of the hedgerow. The crowns of small bushes, in contrast, were often restricted to one side or the top of the canopy. Figure 6 shows the results of scaling-up the measured mean sap flux densities to daily transpiration rates on a unit ground area basis. Over 109 days in 2003 (mid-June to late September), total canopy transpiration of the hedgerow was 361 mm, corresponding to a mean rate of 3.31 mm day -1 . For 165 days in 2004 (early May to mid-October), the corresponding values were 620 mm of total canopy transpiration and a mean rate of 3.76 mm day -1 (Table 3) . A maximum rate of about 7 mm day -1 was observed during early summer in both years; however, transpiration exceptionally exceeded 8 mm day 
Transpiration and potential evaporation
Canopy transpiration exactly matched the potential evaporation for well-watered vegetation in the drier of the two years, but exceeded this theoretical value in the wetter year. This means that a substantial proportion of hedge transpiration was driven by advection in 2004 (Table 3) . If hedge transpiration were to be predicted on the basis of the simple concept of potential evaporation (using radiation and temperature data only), different scaling factors were needed for each year, with E = 0.98E PT Values are means for 2-6 sensors per log. The line indicating the "standard calibration" curve refers to the widely used response function published by Granier (1985) and the dotted lines to the same function corrected for the fraction of the probe actually in contact with conducting wood, after Clearwater et al. (1999) . The best fits to the observed data (dashed lines) were y = 0.204x 1.387 (r 2 = 0.88) for hawthorn and y = 0.129x 1.460 (r 2 = 0.98) for field maple with P < 0.0001 for all individual parameters. (B) Sapwood cross-sectional area in relation to stem diameter, as observed in the calibration process, compared with more universal relationships for tropical forest species (Meinzer et al. 2001 , y = 1.582x 1.784 ) and temperate deciduous trees (Vincke et al. 2005 , y = 0.565x 2 ). Best fits (lines not shown) were y = 0.5976x 1.981 (r 2 = 0.99, P < 0.0001) for hawthorn and y = 0.8445x 1.896 (r 2 = 0.99, P = 0.06) for field maple. more physiologically based approach, using the concept of canopy conductance (g c ), which mainly reflects the action of the stomata.
Decoupling coefficient
A further indication of the importance of g c in controlling E was obtained from the analysis of Ω, the decoupling coefficient, which can have values between 0 (complete coupling of canopy and atmosphere) and 1 (complete decoupling). 
Canopy conductance and irradiance
Canopy conductance, as predicted from the upper envelopes in Figure 7 , was used as a fixed maximum permissible value when fitting the response function of g c to incoming solar radiation for a given range of D (Figure 8 ). This maximum was reached only in full sunlight and varied during the growing season of 2004, reaching its optimum in July. The half-maximum conductance was normally reached at about 200 W m -2 and the slope of the g c versus R G response did not show a seasonal trend.
Seasonal and interannual variability of g c responses to D and R G
The parameters defining the R G and D response curves of g c for all sub-periods are summarized in Figure 9 . No correlation was found between the slope of the light response function of g c and DOY (r 2 = 0.00, P = 0.86) and there were no differences between different years or D classes ( Figure 9A . ANCOVA: P = 0.11 for slopes and P = 0.98 for adjusted means). A good linear correlation was found between g cref and LAI and a 328 HERBST, ROBERTS, ROSIER AND GOWING TREE PHYSIOLOGY VOLUME 27, 2007 Figure 6 . Daily totals of hedgerow transpiration (E,bars) measured by the sap flow technique compared with potential evaporation (E PT ) calculated after Priestley and Taylor (1972) . Sap flux data were scaled to unit ground area by multiplying the mean sap flux densities of different groups of trees by the ratio of total sapwood cross-sectional area of the respective group to total ground area covered by the hedgerow. Table 3 . Measured hedgerow transpiration in relation to potential evaporation of well-watered vegetation according to Priestley and Taylor (1972) , and the proportion of measured transpiration driven by advection, according to Smith et al. (1997 Figure 7 . Examples of the response of hedgerow canopy conductance to D, early and late in the two seasons of measurements. The large circles indicating the "upper envelopes" of the data clouds represent situations when other environmental conditions such as radiation input or leaf wetness did not limit g c . They were calculated from data with R G > 400 W m -2 according to the method described by Schäfer et al. (2000) . The lines represent a logarithmic function (Equation 7) and were fitted automatically to the data.
poorer one between g cmin and LAI ( Figure 9B ). Stomatal sensitivity in terms of -m was linearly related to g cref , with slopes differing between the two years ( Figure 9C ). However, this interannual difference was not significant (P = 0.93 for separate slopes ANCOVA, with P = 0.0045 for separation of the adjusted means) and the ratio of -m/g cref converged to one line when it was plotted against the mean daytime D of each corresponding sub-period ( Figure 9D ). If the observed -m/g cref ratio was normalized by the theoretical ratio, as calculated from Equation 7 for each period (Figure 9E ), the observed ratio stayed below unity for most situations, except for the wettest periods (daytime average D < 0.4 kPa). As soon as the mean daytime D exceeded 0.5 kPa, the observed -m/g cref ratio averaged around a value of only 60% of the theoretical ratio that would be necessary to maintain leaf water potential. There was no correlation of -m/g cref with relative soil water content (r 2 = 0.12, P = 0.61).
Modeling hedgerow transpiration from standard weather data
To model hedgerow transpiration from standard weather data using the Penman-Monteith equation, g c can be predicted from the functions given in Figure 9 . The reference and minimum conductance (g cref , g cmin ) scale with LAI over the course of the season, the slope of the light response (a) is kept constant and the sensitivity of the D-response of g c (-m) is proportional to g cref with a factor that depends on the seasonal mean daytime D. The ability of these simple functions relating g c to the environment to account for the variability of the observed transpiration data is shown in Figure 10 
Discussion
Sap flow measurements in hedgerows
The sap flow technique is the most frequently used method to measure woodland transpiration where the extent and homogeneity of a tree stand do not fulfil the requirements for application of stand-scale micrometeorological techniques such as the Bowen ratio or the eddy covariance methods (Wullschleger et al. 1998) . The necessary scaling procedures are relatively straightforward and the need to make a large number of assumptions is avoided, which is not the case if leaf-scale data are scaled-up to the stand. Application of the sap flow technique in a hedgerow, however, involves aspects that differ from previous applications. An advantage of studying small stems is that there is less stored water, which means that the measured flux is identical to the actual water loss from the leaves without there being a time lag between the two values (Wullschleger et al. 1998 ). The disadvantage is that the probes are inserted into bushes, rather than trees. This means the stems are small and irregular in cross-section and have low branches, requiring measurement positions close to the soil surface. Nevertheless, the technique worked well in our hedgerow and the response of the sensors was in agreement with the widely used standard calibration function provided that the signal was corrected for the probe fraction in contact with nonconducting wood (Clearwater et al. 1999 ). However, a correlation between sapwood depth and stem diameter, as often found in tall forests (Meinzer et al. 2001) , did not exist in the small hawthorn bushes we studied and sapwood depth was therefore unpredictable at our field site. This could have produced high errors (in the order of 20%) if we had focused on sap flux in individual trees. To minimize this uncertainty, we scaled the flux data directly to the canopy which means that the reported responses were based on means of between four and six sensors. We thus circumvented the known problem of azimuthal variability of sap flow and uncertain sap flow widths which led Leuzinger et al. (2005) to the cautious view that only relative values should be presented where a sap flow study reveals a large variability of fluxes among individual probes and trees. A recalibration of the relationship between the probe signal and sap flux density is always advisable when the available probes are too long to unravel possible radial variations in sap flux density. For example, Roberts et al. (2005) demonstrated that stand transpiration of a beech forest calculated from sap flow data matched independent eddy covariance measurements closely when the standard calibration function was adjusted on the basis of the same calibration procedure as used in our study.
Magnitude of hedgerow transpiration
The hedgerow transpiration rates we measured are significantly higher than typical transpiration rates from forests. According to reviews by Roberts (1983) , Peck and Mayer (1996) and Roberts et al. (2001) , temperate deciduous forests on average lose between 300 and 350 mm of water through transpiration over a complete growing season with peak rates of 4 to 5 mm day -1 . The peak transpiration rates of 7 to 8 mm day -1
we found are much closer to the peak values of 8-10 mm day -1 reported for short-rotation coppice (Persson and Lindroth 1994, Hall et al. 1998 ) but still slightly lower than corresponding values for wet woodlands where peak values can sometimes exceed 10 mm day -1 . However, based on projected canopy area, the hawthorn hedge used more water than a row of poplar trees on a floodplain in the same region (Zhang et al. 1999 ) where transpiration was slightly lower than E PT and did not exceed 5 mm day -1 . Does the high transpiration of a hedge outweigh the saving of water on the adjacent, sheltered fields? It has been reported that at a downwind distance of three times the height of a hedge the actual evaporation from a grassland is still reduced to less than half of its upwind value (Cleugh 2002) , and the potential evaporation did not reach its upwind reference value until a downwind distance of 10 times the hedge height (Eitzinger et al. 2005) . From this information it could be concluded that, if transpiration per unit ground area were, say, twice as high from a hawthorn hedge than from typical grassland in the same catchment, water would still be saved on the larger scale as a result of the reduction in transpiration from the area downwind of the hedge. However, the exact ratio between the totals of locally enhanced water loss over a hedgerow and reduced water loss downwind of it strongly depends on the structural and physiological properties of the adjacent crops (through g s and g a ) and cannot be generalized (Cleugh 1998) .
Control of hedgerow transpiration
The possibility of a substantial contribution of advected energy to evapotranspiration has to be considered when quantifying water loss from stands of well-watered vegetation that are able to maintain a high g s (Smith et al. 1997 , Hall et al. 1998 . Thus, to predict water loss from hedges, any procedure that limits transpiration by available energy is inappropriate, especially if the hedges under consideration are dominated by hawthorn. The typical g s,max of hawthorn is about 335 mmol m -2 s -1 , higher than that of many other temperate deciduous tree species, which on average reach 190 mmol m -2 s -1 , according to Körner (1994) . However, it is still lower than the g s,max values of up to 500 mmol m -2 s -1 found in other fast-growing pioneer species (Hall et al. 1998, Eschenbach and .
This implies that reducing the dominance of hawthorn in favor of a greater variety of species (which reflects the current trend in hedgerows in Britain, according to Barr and Gillespie 2000) and especially promoting tree species with larger and less effectively transpiring leaves would help to reduce the overall water loss of a catchment. Based on our findings that g s in field maple was about 25% lower than in hawthorn and that g a was typically one order of magnitude higher than g s (causing a close coupling between the leaves and the atmosphere), it can be estimated that, in a hedgerow with a similar LAI, but dominated by field maple, canopy transpiration would have been about 20% lower than in the hawthorn-dominated hedgerow. Smith and Jarvis (1998) pointed out that the selection of species and trimming intervals for windbreaks strongly influence transpiration because trees in windbreaks are closely coupled to the atmosphere.
Quantifying atmospheric coupling of the hedgerow canopy in terms of Ω demonstrated the special role of hedgerows in the control of transpiration from agricultural landscapes. The mean Ω of 0.22 is not much higher than values reported for tall forests (0.1 for coniferous forest and 0.2 for deciduous forest, Jarvis and McNaughton 1986) and in the same range as for windbreak trees (Smith and Jarvis 1998) but much lower than the typical values of 0.6 to 0.7 reported for various agricultural crops and 0.8 for grassland (Jarvis and McNaughton 1986) . Transpiration from field crops and pasture is mainly controlled by the energy input, whereas hedgerow transpiration is mainly controlled physiologically by stomatal behavior.
Modeling of hedgerow transpiration
Because canopy conductance is generally the main driving variable for water loss from woodlands (Jarvis and McNaughton 1986) , physiologically based transpiration models that account for the temporal variability in g c and use the Penman-Monteith equation are regarded as highly reliable and are widely used (Dolman et al. 2003) . For this reason, and for compatibility with other studies, we recommend use of a g c -based approach to describe the seasonal and interannual variability of hedge transpiration, notwithstanding that the data measured in 2003 agreed well with E PT .
The summer of 2003 brought extraordinarily high temperatures, low air humidity and low rainfall to large areas of central Europe including southern England. The results of our study were clearly affected as indicated by the temporal reductions in gas exchange, sap flow and growth; similar findings were observed in several other deciduous tree species across Europe (Grassi et al. 2005 , Leuzinger et al. 2005 ). Consequently, the results shown for 2003 should be seen as exceptional rather than typical. Even without taking extreme weather events into account, influences of LAI and soil water content on g c have been observed elsewhere and seem to follow a uniform pattern across a range of temperate tree species (Granier et al. 2000) .
It has been suggested that the sensitivity of the stomatal response to D in relation to the reference conductance at D = 1 kPa is universal for a wide range of species and tuned in such a way as to keep transpiration constant when D increases (Oren et al. 1999 ). Only few deviations from this universality, due to species-specific characteristics or ontogenetic shifts, have so far been reported Pataki 2001, Ewers et al. 2005 ). However, although -m/g cref was often found to be close to the theoretical value of 0.6, it is not constant according to the theory, but depends on the D range under consideration and on the ratio of boundary-layer conductance to stomatal conductance (Oren et al. 1999, Oren and Pataki 2001) . The theoretical value of 0.6 holds for a D range of 1-4 kPa and is therefore not necessarily relevant for studies in regions with a maritime temperate climate. Therefore the theoretical value had to be adapted to the actual conditions of our field study in order to compare the observed -m/g cref relationship with the theoretical one. In this context it turned out that most of the apparently high values of up to 1.3 observed in the hedgerow for different seasons and years were in fact lower than the theoretical relationship under the given D range. This means the hedgerow bushes tolerated some decline in leaf water potential at high D. The degree of this tolerance, however, remained nearly constant over the two seasons of investigation and was independent of soil water content. Our third question in the introduction (Does the stomatal response to atmospheric conditions change when the soil dries?) has, therefore, to be answered with no and most of the variation in g c and E can be explained by R G , D and LAI. Because these data are often easily available, it seems possible, on the basis of our findings, to predict hedgerow transpiration for other sites as well to assess the impact of hedgerows on catchment hydrology more accurately.
